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o COUPLED DAMAGE AND MOISTURE-TRANSPORT

IN FIBER-REINFORCED, POLYMERIC COMPOSITES.

S By

Y. Weitsman*

Abstract

This paper presents a mathematical model for the coupling between

moisture diffusion and damage in fiber-reinforcead, polymeric composites.

“ In these materials, moisture was observed to cause damage by a multitude of
minute debondings at the fiber/matrix interfaces. The model employs

concepts of continuum damage theory to describe those debondings. Formal

- evolutionary expressions are derived and related to the extent of damage,
I the stress field, moisture content and moisture gradient. The effects of
! damage on moisture diffusion and on reductions in moduli are also

formulated.

Qualitative comparisons with experimental results are provided.
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Introduction

1t is well known that in many materials deformation under loads is
associated with the formation of a multidute of internal flaws. Thesa
flaws, which may be micro voids, micro c¢racks or micro crazes, precede the
development of macro cracks which cause final failure. The abovementionad
flaws can be caused by environmental agents such as moisture and
temparature, in addition to mechanical loads.

In the many circumstances where the micro flaws are distribut=d in a
statistically homogen=ous manner it is advantageous to represent tnem as
intarnal state variables and employ thermodynamic considarations to
establisn constitutive relations and evolutionary exprassions for flaw
growth[l]*'[zl. This approach is amployed by saveral "continuun damage"
models wnilich ware reviawed recently by D. Krajcinovic[3]. Guided by
various pnysilcal and mathematical considerations, the internal state
variables ware chosen to be scalars, vectors, and tensors of various ranks.
The case of a vector valued internal state variable was employed by
Talreja[4]'[5] to model damage in fiber reinforced compositz laminates and
relate stiffness reductions to external loads. Mora recently, a raevision

in the interpretatin of "damage" as micro-crack arcas lead to the selection

11
' of internal statas variables as axial vectors (or, equivialently, as skew
. symmatr1c tcnsorsﬁ[6] This choice will also be omployad in the present
WOLK.
~. . . A _ .
o Since the presoent investigation alms spacifically at fibrous
. composites, whor: damage forms in characteristic patterns, ths oxistence of
o - - . . . .
. Nunoers in brackets indicate refzronce listzd at the end of this pioer,
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- a "representative damagaed cell" is assumed. The components of the axial
vector which represents "damage" are then defined as the projections of the
total area of microcracks contained within the cell on its "walls". When
those projections are divided by the respective areas of the cell's walls
. the measure of damage is non-dimensional. The rzpresentation of all the
microcracks within a cell by a single axial vector certainly obscuraes the
distinction between few "large" microcracks and many smaller microcracks.
Howevar, in circumstances when damage forms in consistent patterns sucn a

distinction may not be important because the variablility 1In microcrack

- sizes is likely to be limited. The interactions between microcracks wiltnin
the cell will certuinly depend on the external loads. It will b2 snown
that the present model accounts for this dependence through stress-related
N damage-avolution relations

Wwitn few exceptions[7], most existing continuum damage formulations
. employ lipearization in the damage parameters. By contrast, the present
" formulation does not involve series expansions in the damage parameter and

is not limited to "small" damage.

-, In the presence of sharp gradients of temperature or moisture content,
the expansional strains may be highly non-uniform within the characteristic
damagad cell. In this case the stresses are likely to vary even along cach
v of the individual microcracks, resulting in elevated stress-intensity

factors at the microcrack tips. Within the context of a continuum damage

theory these increases 1n stress-intensity are reflected in gradient-

‘y

dopendent damadie evolution relations,  Such relations acre also consildered

’
Lt
2 a

in the present paper.

.
-

Tne cffects of moisture in polymeric composites woere investloyated owar

(3]

o4

bl 4 2

more than a decade. A comprehensive review which appeared recently
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listed more than three hundred references on the subject. Damage due to

moisture, which developed asdebondings at the fiber/matrix interfaces, was

[91-[17]

observed by several investigators . This typical form of moisture-

induced damage was attributed to the presence of hygrophilic chemical

agents at the fibers' surfaces[gj. Since the epoxy may act as a semi-permeable
membrane, the high concentrations of moisture result in cexcessive osmotic pres-
sures at the interfaces, leading to fiber/matrix debondings.

In another study[lsj it was shown that epoxy resins absorbed excessive
contents of moisture when the amount of curing agent in the mixture was below
stoichiometry. Since it is plausible to assume that the stoichiometry of the
resin would change in the vicinity of the fiber interfaces it is conceivable
that the intorphase regions contain excessive levels of moisture, which cause
interfacial cracking.

The process of moisture sorption is associated with a thermodynamically
"open" svstem, since vapor mass is being added to the material volume of the
coarposite.  This process will be accammodated in the present paper by con-
sidering a hypothetical vapor reservoir which is in thermodynamic equilibrium
with the actual vapor contained in a material volume-clement of the composite.
This anrroach follows the ideas employed by Biot[lgj_[Zl] in connection
with flew through porous media. It should be pointed out that in spite of
the similarity between Biot's approach and the present formulation the two
are not identical. The natural internal variable in Biot's schame is the
pore pressure, while in the present work it is more suitable to anploy
moisture content, or alternately the chamical potential. The subtle differences

[22]

betwoen the two formulations were pointed cut by Gurtin
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2. Baslc Eguations

Consider 4 s0li1d pody B ocCupying a material volume V boundea Dy a
surface A, Let tne solid, of mass density Pgs absorb vapor tnrougn its
boundary and let m denote the vapor-muss per unit volume of tna solid.
Also, let x Dbe the position of a solid mass particle 1n the deformad
configuracion that corresporkds to tn2 piace X 1n the und2tormed state, and
let £, ¢ and v denote fluxes of vapor-mass and of heat, and the velocity
of tne solid particles, respectively.

In addition, et u and s be the intecnal cnergy ond enteopy densities
of the solid/vapor mixture per unit solid mass, and let o13 and T denote
tne components of tna2 Cauchy stress due to mechanically appliwg loaas, and
tanperature, respectively.

A proper accounting of tne state of the solid/vapor mixture, walcil 1s
a thermodynamically open systoem, is obtailnsd by considering each element 1n
thermadynamilc equilibriun with a reservolr contalnlng Vupor al pLossure p,
density 8, and 1nternal energy and entropy doensitiles u and s
respectively 120), 23y, 124J.

Conservation of the solid and vapor masses gives
. + ] =
pg t Pg Vev =0 (1)
m=-V-f (2)

Conscrvation of onerygy over B reuds

d
—_— )] = S . - 117\
dt Pg U v ‘/Fl] njvl an aj ny e
\% A A

. £,

_ 5—#n.dA—.[af.ndA (3)
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. . " .
power due to vapor flux, obscrving tnac £,/ corresponds to vapor veloclty.

Tne last 1ntegral 1n (3) expresses the rate of vapor-bornz cneigy.

ﬂ The entropy 1naguality raadis
2 | s sav > | -(a./Dn.aa -] $r.n.aa (4)
dt S - -i i i1
Y A A
. Where tne last integral 1n (4) expresses tne rute of vupor-vorne
entropy.

Applicuacion of Green's theorem to (3) and (4), ana employmant of (2),

ylelds
. "\ AV .
=0..V, . - - .+ hm (5)
Osu Oi] Vl,j ql’l h,lfl h m
-
and
. A LV
- . [ B i (6)
pST s > qi,i + (ql/ T) g;- T s'lfl T sm

N NN N : :
where h = (p/0) + u 1s the enthalpy of tne vapor 1n the hypothetical
reservolr and g; = T,i

Elilmination of qi, i petween (5) and (6) yields tihe followlng

bl
expression for the "reduced entropy lnequality"
' . . e " A (7)
-n Y = '+ Gc..V. . - /Mg. +uym-f.u . -s5g.f, >0
pg ~hgs T i§ 1,3 (q;/Thg; *+i iv,1 Jiti 2
L A,
In {(7) 5 = u=Ts 1s the Helimnolz frie enerygy and 3 = n=-Ts 1s the
L chiemical potentlal of the vapor in toe aypolneilcal res:ivold,
|
)
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3. Distributed Damage

When matarials possess a statistically homogencous microstructurs,
their mechanical response is associated with the creation and growth of a
multitude of internal flaws, For several types of material microstructure
these micro flaws develop in characteristic patterns, until they finally
coalasce to form a localized, dominant crack whose growtnh leads to uitimat:
failure, Some characteristic damage patterns are shown in Figs, and 2
for a fiorous composite laminates of different lay-ups (251, (26].
Patternad damagzs was also observed 1n concrate and in ceramic materials,

In the abovementioned circumstunces it is possible to relate the
distributed flaws to a characteristic material "cell"™ and express the

. , (27]
damage by means of a continuous, 1nternal state variable . Such cells
are overlaid on the damage patterns in Figs. 1 amd 2

For damage due to micro-cracking, the internal stats variable can be
selectad to represent the projections of all micro-crack surfaces on the
"walls" of the characteristic cell. Since areas are expressaed as vector
products of directed line-segments, the present choice leads to a
mathematical representation of "damage" as a skew-symmetric, second rank

tensor d[ The quantity d[ij] may be viewed as non-dimensional, since

i3]
it can be formed by dividing all projectad micro-crack arzas through the
respective areas of the cell walls

In the pra2sence of hygyrothermal 2ffects, diffusion and damage
phenomena arz likely to depend on gradients of moisture content -m/ "%, and

of the toemperature T/ %,

i+ Upon consideration of the abovemontion.ad

\

characteristic cell 1t is possible to relate the latter dependencies to

non-dimansional gradients Vn/*fl and v/ -7

jr where fi = xi/Li(no SUm on

i), witn pj belnjy the lenjtns of the czll sides, [47]
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Fice 2: A radiogranh showing the pattern
of matrix cracking in o [I),*H}q]q Gr/Ep
laminate [.\ftvt‘ Jamison et, al. Ref [25]).
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Finally, 1t should oe noted that each micro-crack is contained within
two equal and opposite surfaces., Consequently, tne constitutive

formuiation wnich enploys d[ as an internal state variable should remain

13}

Insensitive to the sign of d[ij]'

4. Elastic Responsz with Distributed Damage.

Consider the response of =2ilastic materials with distributed internal
Jamage.  In addition, la2t the matzrial de expoed to chermal 2ffects and
4LSOrO Moisture from the amblent environment,

In these circumstances the list of 1nternal state variables contains

tae daformation jradients £,7 = 5X;/°Kj, "damage" dlijl’ molsture m,

5 . Ay .
tomperature T oand the gradients z; = Bp/;Xi and g; = uT/lxi of the chemical
potential o and of T. As noted earlieor, both gradients and d[ijl may b2

Slewed as non-dimoensional, while Fyj 1s obviously dimensionless. In

4
addition, T and .. can be non-dimensionalized as well by dividing their
' actunl values througa some2 referznce levels
& Conslderacions of framz indifference and amployment of the reduced
b N
b ontrogy inquallty (28] Gl
| e ‘.
. = E.,D m, T)
, N Dol PR (3)
’ - (92)
. —= - 2
' 0 T
! *
i , o (99)
N s
\
\ *
!
' . ( S ) (9¢)
KL I
| K,
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)
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) b T TS ) 4 T, e o 0 (10)
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o

where © = u -Ts is the Helmholz free energy, By, =%’“&K FiL "°KL) ara the

Lagranglan strain components, Sy, are the components of the symmetric
Kirchnoff stress [29], D[DQ] are the components of the damage variable

d[ij] refarred to the undeformed configuration. Since both d[ij] and D(pg]

are araas they are relatad by

d(ij) = J %,k =%ji °LpQ P(po)] (11)

with J = dat Txi/cXK.

In addition, 1n eqgn. (10), L1ig) 1s the "affinity" to tne rate of

damage growtnxblijj = d[ij)' namely

*
[13] T s TS (12)
1 s d ..
(i3] 115]
Furthermora, we obtain tn2 following forms for the fluxes
*
Qa = Qa (EKL' D[PQ]' Ger %gs T, m) (13a)
*
Fy = Fy (Bgpos D[PQ]’ Gor Zgr To m) (13b)
® ‘* .
“r13) T Cr13) Bkoe Dregyr Ger Zpe T M (13c)

In (13) Qar Fp, and :[IJI ar2 componeents of hest and moisturs flux and
of damage growth-rate in the referonce coordinat2s X,.  They are related
o q; and £ 3 = : S, o= » d 15 expressible
to q; and £y through Qn = Xy 4, Fa = X, £, and (17 PLiESSIRie

in t=rms of j 1n the sane manner as given in egn. (11) for Dyyy) and

(1)
In addition G, and Zpy are jradients raferrad to the undeformed

7

drijg-

. s am2ly G = % 3. and Z,, = X 2
confljuration, namaly GC i, o9, and 2y Xi,n 23

To simplify th2 subseguent formulation we shall restrict ourselves to
isothermal conditions. In this case g; = 0, wheroby

(142a)

Ft\ = FA (EKL' D[[y;)], ZB, n; TO)

AR ST P PP Yy

s a A v VASMM o A L s B R e 4 s
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and

A

3[IJ] = :.[IJ] (EKL’ D[PQ]' ZB' m; TO) (14b)

In addition, the inequality (10) reduces to

N (15)
Wrifi b i) rag] 20

5. Fiber Reinforced Materials. Transvese Isotropy.

Consider uni-directionally reinforced fibrous matarials. Such
substances are transversely isotropic avout, say, the X4 axis and, in te
absence of any rignt-handed or left-handed internal structure, possass also
reflective symmetries in the xy and X3 axes’.

To derive the detailad dependencies of v, Fy and :[IJ] on Egr,s D[PQ]
ana Zp 1t 1s necessary to form all the transversely 1sotropic invariants
among these variables (301,

The complete list is given in the Appendix, whare Aij' Nij and Vi
denote a symmetric second rank tensor, a skew-symmetric second rank tensor,
and a vector, raspectively.

Not2 that the Appendix lists 33 invariants, Howevar, the thirteen
tavariants lg, 1yy, Iyss I1gs Ipor I210 1230 I240 Ipse T37+ Tog9s I30r I3
ar2 odd in.ﬂij and therefore inadnissible to represent damage that nust
renaln 1nsensitive to the siyn of d[ij]' This leaves 20 invariancs for
2xpressing £, and :[IJJ' as oxplained in the sequel.

In view of egn. (8), the free energy . depends only on Egp and D[PQ]'
Cons:quently, the scalar . depends only on the ten invariants I - Ig, Ig,
Lior I1pr Ipg and Ipg

o

Thnese comoined symmetries are denotod by the class T-4 in reference [30].
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11

12

Expressions for F'p are obtained by considering the integrity basis for
onz symmetric and one skew-symmetric second rank tensor and two vectors
under the symmetry T-4, subsequently retaining only those terms whicn are
linear in the second vector (311, [32L Th2 results of this procedure are
listed 1n the Appendix, where the componets of the vector valued function

U: Uy, up, uy are related to those of Aij' Nij and Vi. The thirty two

terms Py - Py3r Hy - H, in the expressions for (uy, uz) and uj are

9
functions of the 20 invariants I]. - 15, I7 - IlO’ Ilz - 114, 116, 117, 119,

122, I26, 128, 131 and 133 formed ainonyg Al and Vl'

jr i3
In view of the fact that the flux components F, must remain

insensitive to the sign of the damage variable d[i]] it is necessary

discard all terms odd in'Nij,

= P17 = Pyg = Pyy = Pyy = Hy = Hg = Hg = Hg = O This leaves only

hence P3 PS = P8 = P9 = Pll. = plB = Pl4 =

P15
sixteen tarms out of the original lists of 32 terms Py - Pp3, Hy - Hg.

Expressions for Q[IJ] are obtained by considering the integrity basis
for ona symmetric second rank tensor, one vector and two skew-symmetric
acornd rank tensors under the symmetry T-4, then retaining only those terms
which are linear in the second skew-symmetric tensor. In this manner a
li1st of terms is generatad, which contains products of components of Aij'
Nij and V; with one component of the sacond skew-symmetric tensor, say
Y[mn]' At thls stage generat2 a second list of terms by transposing the
indices m and n, nanely by forming scalar components of transposad terms
amony Aij' Nij and Vi that correspond o Yinm}-

The doesired skew-symmetric tensor valu=d functions are then obtained

py suptricting the factors chat multiply Y{pn) from thos: which multiply

Y[mnr

Ala’a’a’

"

9 . e e b e
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The results of this proceduras are given in the Appendix, where “(31]
ije B i3 and V. The eighteen

L2rms ry - ryyg, 0] - Dy in the Appendix are functions of the same twenty

= \{32] and v{12] are relatad to components of A;

invariants Iy = Ig, I7 = Lyor I1p = Iygs Iygr T390 T1gr Toor o Ingr I3y
u and I;3 that enter Py, P,, 2tc. Not= that the process of transposition
from Yian] £ Y{nm] and subsequent subtraction automatically eliminates all
terms odd 1n W i3 from the list for X[IJ]' hence no further reduction i3

] necessary to account for sign insensitivity to the damage paramater d[ij]'

6. Infinitesimal Deformations. Strain Formulation.

- Consider infinitesimal deformations. In tnis case Erg "'*ij' Sgr™ Tx1e ]
t-._: E‘I ~ Ly D[MN] - d[mn] and ‘s ¥ Pso (constant). .
- ) . .

Expanding the free energy in powars of Eij' truncating after the

second power, we get

.

| et = ot Y1733+ }:2(~jll+522) + 3 [D(:_ll-;{zz) + 4d(31) d(3p) * 12]
| , ,

id(12) G319(32; - E329¢31)) * 1833 *Ya(F1p t e

+

+

1y [0(E)) = o)+ 4d(373d 325912
i 2

_ i i 2. *
+ g di12)(F31d 32y - f32d(31)) * Y5330y * o))

tntbocdedbotolith ol ikttt et b b v

vogt33lotyy =)+ ddy3y gy 12

po

* 170339010y G332y - t3pdian)) ;

: ]
T torg(hyy + v 0p) 1Dy - €2) + 4d(317d¢32)712] i
+ gl * v22) drygp (0319(32) - £329(31)) i

\

: 3
- }
h
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- # o DGy = ) v add ol dpigy (s - 2 329(3y)
u
) ) 2 2 2 2
P Wy - e T g g r Typ) ,
K
*orpsdngy DOy = o0 (5319 32) + f3pd31)) - 2615(83d(3y - '
:
L“32\3[32])] (16) :
: » 2
whera or 1 (1= l,4), vy (12= l,...123) ara functions of m, d[Bl]
2 2
. + d[32] ’ d[l2]’ and TO' Also D = \1[31] - d[32].
Stress-strain relations are obtainable from Gij = P50 (, ¢ Where Eij
1
1s considered 1ndependent of ¢ This requires to reconsider the

Jrr
expansion (16), which 13 "biased" i1n favor of €120 :131 and “32 and replace

. 1 . . . .

those shear strains by 5 (. i + < 'i) . Upon paerforming this modification,
]

- and tnen omploying the "truncated" notation, with G117 Cyr T 00

~ - ~ - N

33 - 3t -23 - ~74r "31_"1'5, -lz»>,j6 and ill_’gl’ g22 Y 533 3
2,2;-.-4, 2»_71-»: 50, and 2::12 > ig, We obtain
’ M = C fal - 1 —~ = :
po + Cpgq whare Coq qu (17)

In (17), we have

g Clo = “2*730r Cpg = ip=i3D, Cyg = B}s ;
, I 1. . .
Ca0 = =7°4°1121931]7 Cso = 2%ad(12)9(32) :

i Ce0 = 27393119 32)
and vi
C = 2(,+ [)2+ D+- ) c = 2 (= D2-" )
11 '2703 YT e 12 = V2713 1117+ =
1 ) ii
. C1.3 = -,'5+'36D, Clt‘{ =§(_”9—'1’lo D +Il3)d[12]d[311' “
c 1 i
: o \
Cle = 2(230 30312y N
“
N
. )
N N
A
A
~
"N

a " o~
- - . B N N R . . . . . - . . . R U
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b 3 2 2
- £y = Pyzy + Pgl-(d(31)-d32)) 2% 2d[31)d(32)%)] (18)
.- In (18) Py, Pg, Hy and H- are functions of the twenty invariants Iy -
-':' -
15, 17-110, 112—114, 116, 117, Ilg, 122, 126, 128, I3l and 133 formed from o
E 4 .
f; the components of the symnetric tensor biqe the skew-syminetric tensor d[ij]
and the vector zj. Obviously Py, Pgr Hp and Hy may depend also on the m and on
the (constant) temperacur: To.o  Note that tne expansion of v in powor
| B
e
oY
';‘ PN ;' ';' .*;' .':t J -:r ’;P-';'.‘.( WIS S St PSRN ST VLT NPT I N0 S S NP SR I St el e e e '.r_‘.(‘j‘

A liagiafege &g et iar glatulias

Cyp = 2(7p+3D%1gD+7y3),  Cp3 = Vs=igD,

Cag = 2 (=rgroP-"13)d 121931/

C2s ='%("9"109’“13)5[1213[321'

Co6 = ?('2“3D+*8)d[31]d(321r C33 = 2vyr Cyq = 4§-d[szd{311r

Tes

€35 = -4 92193210 C36 = 26 9(31)9(32) ¢

lal - A 2 2 l N ~ = —- 2
Caq = vgd12)9(31) * 5 127 C45 497121931 1932)
2 Y14
Cs6 = Tnod(31)9(3219012) *E d2pdzay e
2 2 K 12 _ 2 "13

Css = vadizpdse) * = Cse T Uiodizz) T Mdz1d e

66 = 2(43d 3119327 11)

Note that when all d[ij] vanish the stress-strain relations reduce to
th2 familiar expressions for transverse isotropy about the X3 axls,

However, 1n the presence of damaye the stiffness inatrix C, ., contains all 21

g
components, all of wiich depend on d[ij]' Obviously, all stiffness
components may depend also on m and Tb.

For :ij”"l we neglect all terams that involve the symmatric second rank
tensor in the Appeniix and obtailn the following expressions for th2 vector

that represents the moisture flux f:

2 2
£) = Pyzy + Pgl(d(31)-d[32))2) + 24(31}9 322!




L o o

-

saries of Y1 does NOT imply that an analogous oxpansion must =xist for Py,

Pg, Hy and H5. The present formulation thercfore retains the option to
consider non-linear coupling b2tween mechanical fields and moilsture

flux (33]

Finally, employing similar arguments, we obtain the following

exprossions for the danage growth rates é[ijj = d[ij]:

"12] = bidpig) + 0ga(d(31)2p - 9(32721) %3

2 2
°r31] = ryd(3y) *t rgllzy-zp)d(3y) + 2p(219 3] - 23d(12))]
+ ry1d(12)9(31)2122 * 13812123 - d(32121) 2, (19)

| 2 2
f(32] = f1d(3g) * rgl-(z1-2p)d(3p) + 21(2pd(31) - 23d[51))

r11d12)9 (3212122 - r13(d(12123 - d[13)22) 21

In (19), the terms ny, hy, Lyr L4 L1y and r,y are functions of the
same 1nvariants as Py, Pg, Hy, and ii; above. Note that the terms hl and ry
correspord to "self similar" damage growth, while the remaining functions

h4, Lgr Yy and rj5 are associated with the "tilting" of micro-damage dus:

to gradients of the chamical potential.

7. Infinitesimal Deformation. Stress Formulation.

Define the Gibbs free eneryy ¢(Oijr d[ij]' m; To) vy

f = v, .=

. N . T f L.
S0 50 13 i (20)
Then, 1n analojgy with egns. (9) we have

RS

"1y % so i (219)
S= - = (21b)
L= = (220)

Ao oo o o

PR e

aa k8 .l e
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Tne "roducad entropy inequality", <qn (10), remains unchanged, except

that now

L(ij) T Yso Tw—— (23)
“[15]

Consider a characteristic material stress, a3, a failure stress og,
then for sufficiently small stresses (such that c,ij/vf«l) we can expand

s 1n powars of i3 and truncate afteor the second powers. This expansion

nas the same form as egn. (16), exc2pt that "ij replaces Eij' expansional

coefficients (-B;) replace 3, and compliances (-1) replace the

stiffnesses .  An analogous procedure yields linear strain-stress

p—t

relations similar to those given in eqn. (17)
£, = 5 + S5.47C (24)

with 3 and S, the same as C and C,, except tnat B, and *; appear in

PO g po P4 1
place of - und v{. In addition, expressions (13) and (19) also remain

uncnangad, except that Py, Pg, Hy, Hy, Ny, Ngy Ly, gy Ty and 4 depend

on twenty invariants that contain 94 ‘~ place of i3 )
4
In vicew of (22b), the chemical potential Vs Jiven by j
S e Yo B (733) By ‘11*”’22) ?
’ "so 'm “m “m ‘f “m e )
‘,B v —_— o L
3 [ < 11 ’22) ( 12)] :
- D\ -— + 4 a a —= {
™ £ [31]°[32] e
WB4 ' )
- —d 1 ' - a
= 9012] [L [32] (;) “31] (—%——)]
+ nigner order teras ‘m ( ’1j/'t) (25) ;
o ocrnmtant stresses tre flwee 200 L are given b
1 i :
2 2 d
.- I . : RN [:2]
1 S“[ 2wy T Tmdn 2 racs )(“ 31 7w VB2 e
1 ‘131] [32] [31] i 1
2, «(l
+ 2 e d _Li2]. (20)
m -d 2 []2] DN
[12] 1
.;:T_-‘--(-'_n'--f- V“A"*'A‘;Ah:.--A‘A';__'AL>A_IL'.LA.LM LL’A~“-‘A.‘.q_\s;'--‘-'.g‘-‘-“ el \.‘\.}“x“\'._;’.\'-
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2 2,
, . Yo o
In view of (25), z, will depend on 5 1 > = ’
m +m .(d[.}l] + d[32])
2 : ;
' :O 'ZB. 528. '2}3.
—— , and on 21, 21 7 ’ l2
vm - d Tm o + “m
m [12] m m (d[Bl] d[32]) m d[12]
B3 o

(i=1, ...4) as well as on terms like In view of the dependence

XL
i
of Pl, P6, Rk in ecms. (19) on ;"ij it follows that d[ij] may introduce a

non-linear stross effect on z.. However, for sufficiently short times - when
1 14 J

d[ij] remain relatively small - it is plausible to expect that for «Jij/wc <<1

i

z. will be linear in c...
1 13
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3 A Special Sun Case: Unidirectional Diffusion Under a Constant
Transverse Load.
- consider a unldirectionally reinforoad niate of thickiness h, witn
v fioors parallel to the X3 2X1s, subjected Lo a4 Cconstant  sStress Top =
) witn Jdiffusion in the Xy direction, as sketchad in Fig. 3.
i In view of tne observation that most damage due to moisture occurs at
the fioer-matrix interfaces ~121,0(16],(17],(34] assune d[lZ] = Q.
li-.j Furtnermore, assume gradients only in the ,\'l direction. Then,
» Dy (26), Zy9 =23 =0
In these circumstances eqgn. (24) gives
o § % Sip * Sip7, (1=1,2,2,6) , while 5 = ‘5 = 0.
In addicion, egns. (13), {(19), (25) and (26) yvizld:
danaye growth ratcs:
— 3 '2d
T(32] T OR18(32) T TaZ9(32) (274)
- 2
(31 T Rdsyy tofazpdya (270)
aolsture fluxes:
£ = Pyzy + PgD 273 (28a)
)
chemical potential and its gradient
B : B k .
. 2(
— __~_O__ - _2_ (_Q) + __1 D _()_ + O(j //‘7 )2 ( )a)
(] m m £ m e o f
. ? 2
. . y(dp.f 4 +d ) .
_ ™ D ‘[317  "[32] N /- V2 (2 o
T M I Ry YR = FOb T 9 3
i 1 1 -
A n"
vnere 2 ‘ZB 2, ‘ . _
N = 0 ' 2(0) 3 D(o) R = 3 ((\)
- QO __cf 2 2, = ,
1 mz mz f m2 f 2 ™ f R
2, 2 =
Ry = ———p® — (*)
—- - 2 2, 2 2 i
m - (d + ‘m - (d + ) { -
, m Ay * Ay modryy A
: 2 - e
. 3 B g
. ' ;7\.'(17 + 2’v>x)<.‘_> \
L _ : -
*Cooalso Fig. 8 below,

.
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In the present clroumstainees Ty Ly Py and £g

2 2 2 2

“ b -

depend on the following six toras: 1 o dlBlJ + di3p)r Z1r "5 Dy g 2y
9
zy Dy as well as on m.  The quantities o, B,, and Bj in (29a)

10 «qns. (27) and (28)

O

2 2
In (28), (29) and the apove D = d[ 1] - d[32] as vefore,

3
In view of (2%8) and (290) tne process of moilsture transport involves a
molsture, stress and damage affected diffusivity. Perhaps more
. - 2 - _ s
significantly, the terms 1d[31] + d[32])/'xl and "D/ 'xy 1n (290) indlcate
that sorption is influcnced by damage gradients which "cnannel" moisture in
the direction of i1ncreasing damage., Egns. (29) indicate that . depends
lincarly on strass anxd that such linear dependence is likely to occur also
Y ¢ Y
tor the diffusivity, at least for carly stages of dumage development.,
The boundary conditlon on moisture content is detoerminad by
(30)
wnore uy 1S5 tne chemical potential of the ampbient vapor. For small
concentration levels 1t 1s plausible to assume that o is linearly related
to m, waereby (293) pradicts saturation levels which, at least for carly
stases of damage growth, depend lincarly on the stress o
An ocxperlmental lnvestigation of stress-assisted diffusion in AS4/3502
grapaite/cpoxy coupons was con luded recently (3571, Unidirectionally ]
roinforzad speclmans wore oxposad to a constant relative numidity of 97s, j
) 1
at a4 temporature of 40 C, and loaded transvesely to tn: fiber dircctions at b
-y
o . 1 ] R - == : - - “
0., 15,, 20, and 45, of tne ultimate stross (whoro £ 7500 psi 51.7 4
. . 3 <
MPL).  Tobtal molsture wolght-jains were recordod periodically 1n sevoeral 4

ool ioate specimens and resuits for tne average values are shown 1a Fug 4

.
L

Holow.  lots tie "sigmorndal" saape of all absorption cort s, which daffors K
3

, . ‘ . : . 8
qualitativoly tron prdictions of classical diffusion and 1ndisates g non- J
1
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Linoar, concencrsition depeondeont transport process,

Tao dependonce of the maximal moisture content zand >t wne diifusivity
On SZress ire snown in Fris, 5 and 6, It can be soeen that an approximately
lincar ralationsnip exists batween stress and both of the above quantitios,
1S 1atferrad by the present aodel.

Molsture2 welgjht-losses wer2 neasured during desoroption at all tne
anovementionead stress levels, These measurements ware performed after
renoving all test coupons from the humid chambers into 3 dry environment it
Os relacive hunidity. Tha resulting welght losses are plottad v&\ﬁfin
P13, 7, wn2re the wa2ight-jain data ar2s superimposad for cach stress lovel
for puarpose of comparison.  Note the supstantial hystarasis loogs, wilch

can e attributed =2ither to the concentration dependence of the transport

proTaess or to the growth of damage, or to boti

9. Moisture Induced Damage In The Absence Of External Stress,

Consider an unstressed unidirectionally reinforced plats, of thicknoss
n oas vefore with :ll fibers parallel to the x5 axis and molsture diffusion

. (27) and (28) remain unchangead,

2 2
CRO2DE ENat vy, ry, Ppoand P depand onuy on 3[311 + dqu » 27 and m,

1
2L

o8]

1n tne x; direstion.  In tnis case eqn

Bagns. (29) reduce to

. o
. (313)
andd o) 2 2 2
S ’ 0 e, T drgq)
Z. = 2 moy o ——— [Jll [J‘:J' (31
1 2 o . < ’
m 1 m (M[J)]J + CAEJZI) 1
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In view of =2gns. (27) and (31b) it is clear that damage growth rata
devends on the extent of existing damage and that this rate may also
depend on moisture content and the magnitude of the moisture gradient. A

dependence of ] on d[ij] would lead to a synergistic effect wiilch

G
(1]
accentuatas damage localization ("damage breads upon itself"). A
aependence of t[i]] upon [$m/3xil would tend to localize the damage in
places of nighest moisture gradients, namely near the boundaries xy = *h/2
Tha typical form of moisture induced damage is shown in Fig. 8, Note
that "damage" occurs as debondings at the fiber/matrix interfaces.
Initially, thosa debondings appear as isolated interfacial crescents, Upon
repeated apsorption/desorption cycles tnese crascents grow, until they
coalesce to create highly localized damage in the form of continuous
cracks., Typical forms of such cracks are shown in Figs, 9 and 10,

The growth of damage can be inferred also from weight-gain and
curvarture measurements in anti-symmetric, cross-ply composite plates[l7]'
[38], pue to the anti-symmetry of the lay-up, those plates deform into
saddle shaped surfaces upon cool-down from the elevated cure temperature,
with initial curvatures kg = —ky = ky. Upon subseqguent exposure to
moisture, thosza curvatures vary with tima, whereoy k=k(t). The variation
of &y - k(t) vs. time is shown in Figs. 1l and 12, wh2re exparimental
results arz comparad ajainst theorztical predictions of linear olasticity
and linear viscoelasticity. (In those figyures h denotes plate thickness
and in Fig. 11 tg denotes time requirad to saturate initially dry plates,
prior to their exposur2 to cyclic ambient humidities).

The vartlation of the total moisture content M vs. time in the anti-

symmetric cross-ply plates is shown in Figs. 13 and 14, d2ilght-gain data

points are snown in comparison with predictions of classical diffusio
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. Fiso B A seanning electron microscope
phiotoy shiwins tupical debondings at the
tiber/matrix interrfaces due to moisture in
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Insp>ection of Figs. 11-14 snows iacreasing departures vetween data and _;:-j
v n 4
N 1

- theor=tical computations,  These departures are most likely attributable to

i tine

tneoretical analyse

» e

e

.

resence and growtn of damagz, which was not incorporated into the

REIETN RO DO
‘A-L'LA';'LA'A'A,‘I-."'A

Ut

and predistions of refs. {17) and {36]. The growth

'

’

- and location of damayge in the anti-symmetric plates, in relation to the

MOlsturc-<xposure nistory, is skatched in Fig. 15 below.

4
i

The oxporimental observations exhibitad in Figs. 8-14, as well as in

.Y

Figs. 4, 5 and 7, support qualitatively the general trends of the damage ]
-y
o

theory developad 10 this paper.
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Jonciusions
Aocontinuunm damage nodel was developed for a unidirectionally-

s relntorcad, DoLymerlo-r2sin composite chat absorbs moisture from a humid

[
.
1

AL
PR S PP, j‘l s

e

amolonc snvironment, DamiJe was interpreted as the total cross-sectional

!; area of microcracks that occur within a characteristic material cell prior _t

P
Ly

R to the formation of a dominant cruck., The total microcracked araa was non
" dimensionalized througn division by the respective areas of the cell's
L walls and was reoresentad by a skow symmetric, second rank, tensor valued,
.
1NCornal STt variaola,
.
N Aolstare Inyrass 1nto the composite was treatad in the context of tne
tnrrmodynanicos of open systems and coupled moistura, stress and danage
roiations were Jderwved trom fundamental principles of thermadynamics and
CONTinUUmM mecnanlcs. These relations included formal expressions for the
- . . - .
evomution of damage, for stress-and-damage-coupled diffusion, as well as
tor duanaje-dependent matarial compliances.
[t ~as 3nown tnat exparlinental observations of molsture induced
l! danaje, and of moisture absorption and desorption in the presence and
<o avsence of stroess, tended to verify some of the salient aspects featured in
. N
the continuan danxge model proposed in this work.
‘e
: Tae prosent work did not provide explicit expressions for the
cvolution ot duamaje or any of the other formal relations.  This daficiency L
- is due to the paucsity In dats that aro availlablo at the presoent time. _.i
A .~ o .
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m APPENDTN: TRANSVERSE ISOTROPY, T-4 SYMMETRY (about X3 axis)

Case of one symmetric tensor Aij'
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3. SEEN-SYMETRIC TENSOR VALUED FUNCTIONS
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